As the world's population increases, demands on staple crops like rice (Oryza sativa L.) will also 18 increase, requiring additional fresh water supplies for irrigation of rice fields. Safe alternate wetting 19 and drying (AWD) is a water management technique that is being adopted across a number of 20 countries to reduce the water input for rice cultivation. The impact of AWD on plant growth, yield 21 and grain quality is not well understood. A field trial of AWD was conducted at Mymensingh, 22
between each plant in a row and a 20 cm distance between rows. Almost 300 rice accessions were 169 planted in single rows within each plot, with the check cultivar BRRI dhan28 transplanted into every 170 second row (a BRRI dhan28 row separated each of the 300 accessions). These 300 accessions make 171 up a genome wide association mapping panel and will be described elsewhere. After the plants were 172 transplanted the plots were flooded. For the four CF plots the surface water was kept at a depth ofbetween 2 cm and 5 cm above the soil surface from the time of transplanting to shortly before 174 physiological maturity (13 th April 2013, 59 DAT). For the four AWD plots plastic perforated tubes 175 (pani pipe) were placed across the blocks to monitor the water depth. The aim was to allow the 176 perched water table to drop to 15 cm below the soil surface. At that point the plots were irrigated to 177 bring the water depth to between 2 cm and 5 cm above the soil surface. The AWD plots went 178 through 4 cycles of soil drying ( Figure 1A ). Both the AWD and CF plots were kept under the same 179 flooded conditions up until 18 DAT (3 rd March) when water was withheld from the AWD plots (start 180 of the first AWD cycle). The water depth in the AWD plots was allowed to drop to ~15 cm below the 181 soil surface; for the first cycle the plots were re-flooded 29 DAT (14 th of March). This cycling was 182 conducted 3 more times with the AWD plots reflooded 40 DAT (25 th March), 50 DAT (4 th April), and 183 57 DAT (11 th April). At this point the rice plants had started flowering and the AWD plots were kept 184 flooded and maintained the same as the CF plots until harvest. 185
Throughout these drying and re-wetting cycles, volumetric soil water content was continuously 186 measured at four soil depths using a single profile probe (Model PR2/4, Delta-T Devices, Burwell, UK) 187 in each replicate plot (8 in total), which was connected to a data-logger. The soil depths in the first 188 cycle were 2.5, 12.5, 22.5, and 32.5 cm below the soil surface but during the subsequent cycles the 189 probes were altered to measure at depths of 5, 15, 25 and 35 cm below the soil surface. was calculated as the difference in its length on subsequent days. Leaf elongation was determined to 197 have finished when its daily elongation rate fell below 10% of its maximum, whereupon a new leaf 198 was selected. At periodic intervals, the youngest fully expanded leaves were also collected for 199 abscisic acid (ABA) analysis. On each day, samples were taken every two hours, starting at 10:30 and 200 ending at 16:30, from a single hill from six plants randomly selected in one plot of each of AWD and 201 CF treatments. Samples were immediately frozen in liquid nitrogen, freeze-dried, then ground to a 202 fine powder before adding deionised water (1:50 ratio) and shaken overnight at 4 o C. ABA 203 concentration of the supernatant was determined with a radioimmunoassay as previously described 204 (Quarrie et al., 1988) . 205
Once the cultivars had flowered and the grain matured (as determined by 80% of the grains on the 206 panicles developing a golden brown colouration), the grain and shoots from every 10 th row of BRRI 207 dhan28 was hand harvested from the six central hills of each row. The grain was then hand threshed 208 and weighed to determine the grain mass. Grain mass is determined as the combined grain mass of 209 the 6 hills. The shoots were harvested approximately 5 cm above the soil, dried, and then weighed 210 to determine the shoot weight. Shoot biomass is determined as the combined shoot biomass of the 211 6 hills. Once dried the shoots were then cut into small pieces ~1-2 cm long. A sub sample of the 212 grains and shoots was then sent to the University of Aberdeen, UK for chemical analysis. 213
Pore water samples were collected from each of the eight plots using 10 cm Rhizon samplers. One 214 sampler was randomly placed in each of the plots. Pore water was collected on 11 separate 215 occasions during the four AWD cycles both from the AWD and CF plots. Once pore water was 216 collected it was acidified with nitric acid to a final concentration of 1%. Figure 1B) . The 234 fourth cycle ended prematurely 63 DAT (10 th April), due to heavy rainfall flooding the field. Once the 235 fourth cycle had finished, the AWD and CF plots were maintained under flooded conditions during 236 the flowering stage, shortly before physiological maturity the plots were no longer kept flooded. 237 BRRI dhan28 plants were harvested as described above. 238
At periodic intervals, the youngest fully expanded leaves were collected for multi-analyte 239 phytohormone analysis (Albacete et al., 2008) . At midday, samples were taken from a single hill from 240 six randomly selected hills in one plot each of AWD and CF. Samples were immediately frozen in 241 liquid nitrogen, freeze-dried, then ground to a fine powder before measurement. Cytokinins (trans-242 zeatin, tZ; zeatin riboside, ZR; and isopentenyl adenine, iP), indole-3-acetic acid (IAA), ABA, and the 243 ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) were analysed according to 244 Pore water samples were collected from each of the eight plots using 10 cm Rhizon samplers. Two 261 samplers were randomly placed in each of the plots. Pore water was collected on seven separate 262 occasions during the four AWD cycles from both the AWD and CF plots. After pore water samples 263 were collected they were acidified with nitric acid to a final concentration of 1%. 264
Soil hardness was determined using a penetrometer as described above, except that only five 265 measurements were taken per plot, providing 20 measurements per treatment area. The survey was 266 conducted 74 DAT (21 st April, 11 days after the AWD cycles had finished, when both AWD and CF 267 plots were flooded). 268 269
Pore water analysis 270 271
Prior to elemental analysis of the pore water, the field-collected pore water was diluted 1:50 (in 1% 272 nitric acid) for iron and manganese analysis, and 1:5 for all other elements. Elemental analysis was 273 performed by inductively coupled plasma-mass spectrometry (ICP-MS, Agilent Technologies 7500) 274 using hydrogen as the reaction gas at a rate of 1.4 mL min 
Soil analysis 334 335
There were no significant differences between the soil elemental concentrations in the AWD and CF 336 plots, therefore the data are presented as the average across both treatments (Table 1 ). The pH of 337 the soil was determined to be pH 6.6. There was no significant difference in the percentage of 338 different size particles in the soils collected from the transects across the AWD plot and the transect 339 across the CF plots. In the field trial in 2013 the penetration resistance of the AWD and CF plots was measured on two 364 occasions. The first was 9 DAT (22 nd of February); at this point both the AWD and CF plots were 365 under flooded conditions and before any AWD cycling had been conducted. At this time there was 366 no significant difference between the CF and AWD plots ( Figure 3A) . The penetration resistance was 367 between 40-100 kPa for the first 135 mm; this penetration resistance increased sharply to 368 approximately 1500 kPa by a depth of 225 mm. When the plots were tested for penetration 369 resistance at the end of the first AWD cycle, 28 DAT (13 th March), there was a significant difference 370 in the penetration resistance between the AWD and CF plots between 15-120 mm, with the AWD 371 plots having increased penetration resistance ( Figure 3B ). The largest difference between the two 372 different treatments was at a depth of 60 mm, where the soil under AWD had an average 373 penetration resistance of 94 kPa compared to the CF soil which had an average of 61 kPa. After a 374 depth of 135 mm there was no difference between the two treatments. 375
In year 2 a single measurement of penetration resistance was made after all the AWD cycles had 376 taken place, and was at a point where both the AWD and CF plots had been under flooded 377 conditions for 11 days, 74 DAT. There was a significant difference between the penetration 378 resistances for the soils that had undergone AWD treatment compared to the soils that were under 379 CF. The penetration resistance was different between 15-105 mm, with the greatest difference being 380 at 45 mm, with the soil that had undergone AWD having a penetration resistance of 126 kPa while 381 the soil that had been under CF had a penetration resistance of 69 kPa ( Figure 3C ). 382 Figure 4B ). The zinc concentration in the pore water collected from the AWD 393 plots was significantly higher at 22 DAT compared to the CF plots ( Figure 4C ). The concentration of 394 arsenic was significantly higher in the pore water collected from the CF plots at 45 and 55 DAT 395 compared to the AWD plots ( Figure 4D) . 396
In 2014 the concentrations of the same elements (manganese, iron, zinc, and arsenic) were 397 determined in the pore water ( Figure 5A-D) . The sampling was performed from the second AWD 398 cycle onwards. There was no significant difference between the AWD and CF plots for pore watermanganese and iron concentrations across all the time points ( Figure 5A and 4B ). There was a 400 significant difference in the concentration of zinc in the pore water at 35, 40, 55, and 75 DAT, with 401 the plots under AWD having a higher concentration of zinc ( Figure 5C ). There was a significant 402 difference in the concentration of arsenic in the pore water at 37 and 75 DAT, with the plots under 403 CF having a higher concentration of arsenic ( Figure 5D ). effect of re-flooding the soil on the concentrations of these, or other, phytohormones. Nevertheless,the measurement occasion was highly significant (P < 0.001) for the concentrations of all 434 phytohormones measured, with significant increases in tZ, zeatin riboside (ZR), and ABA as the 435 experiment progressed, and significant decreases in iP as the experiment progressed ( Figure 6 ; Table  436 3). 437 438 3.6 Rice mass 439
440
In both years, the shoot mass and the grain mass were significantly greater in the rice plants grown 441 in the AWD plots compared to the CF plots. There was a 15.4% and 12.0% increase in shoot mass 442 and a 9.8% and 9.0% increase in grain mass in 2013 and 2014 respectively (Table 4) . Despite early 443 differences in tillering, there was no significant difference in the total number of tillers for plants 444 grown in the AWD plots compared to the CF plots at harvest in both years. However, there was a 445
small, but significant increase in the number of productive tillers, with the plants grown under AWD 446 having 6% more productive tillers than the plants grown under CF (only measured in 2014). 447 448
Rice plant elemental concentration 449 450
The AWD treatment had a significant effect on the concentration of a number of elements in the rice 451 shoots compared to the CF treatment (Table 5 ). The AWD treatment caused a significant decrease in 452 the concentration of shoot sodium, magnesium, calcium, iron, arsenic, and molybdenum. The largest 453 decrease in shoot concentration between AWD and CF was observed for shoot molybdenum, which 454 decreased by 28.4%. The AWD treatment significantly increased shoot concentrations of manganese, 455 copper, and zinc. The highest increase between the two treatments was in shoot copper, which 456 increased by 38% in the AWD treatment. 457
The AWD treatment also had a significant effect on the accumulation of grain elements compared to 458 the CF treatment (Table 6) . Concentrations of sulphur, calcium, iron, and arsenic were all 459 significantly lower in the grains of rice plants grown in the AWD plots compared to the CF plots in 460 both years. In contrast, the concentrations of manganese, copper, and cadmium were significantly 461 higher in the grains of plants grown in the AWD plots compared to the CF plots in both years. A 462 number of elements (sodium, magnesium, potassium, and molybdenum) were either only 463 significantly different between treatments in a single year or were significantly different in both 464 years but the effect of the treatment was in opposite directions (molybdenum). Only phosphorus 465 and zinc were not significantly different between the two treatments in either year (Table 6 ).
Discussion 467
The reported effects that AWD has on rice grain yield varies between different studies. In this study, 468 grain mass significantly increased in both years of this study (9.8% & 9.0%) for plants grown under 469 AWD compared to CF. In this study the grain production was determined as the mass of grain 470 produced by the 6 central plants of each row. Using this information an approximation of grain yield 471 can be made, by scaling up the value based on the planting density, which must be used cautiously. 472
This would result in a yield of 7.7 t ha cycle, but re-wetting increased cytokinin levels as long as soil drying was not too severe (Zhang et al., 497 2011) . Severe soil drying also decreased foliar IAA levels and these changes were not responsive to 498 drying and re-wetting cycles (Zhang et al., 2010) . In our studies, tZ and iP showed opposite responses 499 to AWD (Figure 6 ), which again were insensitive to drying and re-wetting cycles, as were the "stresshormones" ABA and ACC. The relatively small impact of drying and re-wetting cycles on 501 phytohormone concentrations is likely because only a small fraction of the root system (the upper 5-502 10 cm) is exposed to an appreciable soil drying given that at a depth of 15 cm the water context of 503 the soil was never far below the water content of the deeper, still flooded soil (Figure 2) . Indeed, 504 split-root experiments with barley where half of the root zone was dried demonstrated that foliar 505 ABA concentration significantly increased only if more than 30% of the root biomass was exposed to 506 drying soil (Martin-Vertedor and Dodd, 2011). Thus, rice varieties which show a greater proportion 507 of their root mass deeper in the soil profile might be expected to show more stable phytohormonal 508 (and physiological) responses to AWD. BRRI dhan28 is not one of these varieties as it has been 509 developed for flooded conditions. 510
The main factor that appears to impact on grain yield production under AWD ( role of physiological processes occurring during grain filling. To date, the precise mechanism(s) by 519 which AWD increases yield under moderate soil drying is unknown, but future studies should try to 520 distinguish the relative importance of AWD effects on vegetative development and grain-filling, 521 especially when AWD is only applied until anthesis, as occurred here. 522 A penetration resistance of 1.5 MPa can slow root elongation by 20% to 75% (depending on the crop 523 and soil type) (Bengough, 1997) . Since the penetration resistances observed in the top 12 cm of soil 524 under AWD were well under this (maximum penetration resistance: 172 kPa), soil strength is unlikely 525 to have inhibited root elongation, however it does indicate that AWD alters the physical properties 526 of the first 12 cm of soil. Interestingly, a penetration resistance that would inhibit root elongation is 527 only observed at depths between 25 cm and 30 cm where there is no significant difference between 528 treatments, presumably because the soil water content below 15 cm does not differ between 529 treatments. 530
The AWD treatment affected soil solution concentration of a number of elements, as well as the 531 concentration of elements within the shoots and grain of the rice plants. Of particular note is the 532 effect that AWD had on two toxic elements, arsenic and cadmium. Both these elements have been 533 identified as accumulating in rice, making rice an important pathway of human ingestion (Zhao et al., 534 elements (such as iron) were affected by AWD. 536
The concentration of arsenic in the pore water was significantly higher when sampled from the CF 537 plots compared to the AWD plots on a number of occasions across both years ( Figure 4D and 5D) . It 538 has been demonstrated that iron (hydr)oxide hosts arsenic in soil, and if arsenic is entering the 539 paddy field by applying arsenic-rich irrigation water, it is rapidly incorporated in iron (hydr)oxide 540 during non-flooded periods (Takahashi et al., 2004) . When the soil becomes flooded, arsenic is 541 quickly released from the soil to the water due to the reductive dissolution of the iron (hydr)oxide 542 and the reduction of arsenate to arsenite (Takahashi et al., 2004) . While inorganic arsenic speciation 543 was not determined in the collected porewater samples, it can be predicted that under CF 544 conditions the dominant arsenic species would be arsenite, while under the dry phases of AWD the 545 dominant inorganic arsenic species would be arsenate (Takahashi et al., 2004; Xu et al., 2008) . 546
When the plants were grown under AWD, there was a significant decrease in both shoot arsenic and 547 grain arsenic in the rice plants compared to the plants grown under CF, although it was more marked 548 in shoots in year 1 where both shoot and grain were measured. Rice plants have different uptake 549 mechanisms for arsenite and arsenate. Ma et al. (2008) showed that arsenite is taken up through the 550 Lsi1 silicon transporter while arsenate is accumulated via phosphate transporters (Meharg and  551 Hartley-Whitaker, 2002). This is important in rice as it can accumulate up to 10% of its dry mass as 552 silicon, reflecting the fact that the silicon uptake mechanism is very efficient (Ma et al., 2006) . (2015). The final concentration of inorganic arsenic in the grain is likely due to direct uptake from the 560 soil rather than remobilisation of inorganic species from the rest of the plant, as inorganic arsenic in 561 rice leaves is poorly remobilized (Carey et al., 2011) . Therefore, key to reducing grain arsenic will be 562 the degree of flooding at grain filling. If the soil is aerobic at grain filling, inorganic arsenic will be 563 predominantly present as arsenate, which has a reduced mobility and uptake by rice plants, while if 564 the soil is flooded arsenite will be dominant, which is more mobile and rapidly accumulated by rice 565 plants. The method of AWD used in this study is referred to as safe AWD (Lampayan et al., 2015) , 566
where the AWD plots were re-flooded at the start of the reproductive stage (however, AWD was not 567 implemented during grain filling which is an option for safe AWD). The study by Linquist et al., (2015) directly addressed the issue of the effect of flooding during the reproductive stage by either 569 extending the AWD cycling into the reproductive stage or by flooding at that stage. They observed 570 that the AWD treatment with flooding at the reproductive phase had no effect on grain arsenic (or 571 increased grain arsenic) in comparison to the CF treatment. However, when AWD was extended 572 through the reproductive phase, a 64% reduction in grain arsenic compared to the plants grown 573 under CF was observed (Linquist et al., 2015) , but this more severe AWD treatment decreased grain 574 yield by 12.6% (Linquist et al., 2015) , clearly demonstrating a potential trade-off between large 575 reductions in grain arsenic and yield. ) or soil can be 581 contaminated with cadmium from anthropogenic sources (Smolders and Mertens, 2013) . One 582 source of anthropogenic cadmium to agricultural soils is P-fertilisers (Smolders and Mertens, 2013) . 583
Cadmium in the soil solution increased with increasing soil redox under oxidising conditions 584 (Rinklebe et al., 2016) . As soils become waterlogged, the increase in soil pH may contribute towards 585 the immobilisation of cadmium in anaerobic soils (Smolders and Mertens, 2013 Cadmium is pH-sensitive and easily desorbed with decreasing pH. Therefore, it would be expected as 591 the soil becomes more oxic during the AWD cycle, that the cadmium concentration increases in the 592 soil solution (too low concentration to measure directly, but confirmed by DGT measurements) and 593 this would lead to more cadmium being available to the plant to accumulate. However, it is 594 interesting to note that the cadmium concentration in the shoots of the rice plants grown under 595 AWD and CF are not different and it is only the grain cadmium concentration that is elevated. . With a rice grain cadmium concentration of 0.099 mg kg -1 it has 600 been estimated that the weekly intake of cadmium from rice would lead to intakes deemed unsafe 601 by international and national regulators (Meharg et al., 2013) . Therefore, if AWD increased graincadmium further, this could have impacts on human health, suggesting either AWD might be best 603 avoided in areas with high grain cadmium, and/or breeding for low cadmium should be pursued for 604
AWD. 605
Both iron and zinc are important nutritional mineral elements, and are key targets to increase the 606 nutritional quality of edible crops (White and Broadley, 2009) . In this study, zinc concentration in the 607 grains was not affected by AWD, in contrast to a previous study which showed that grain zinc 608 concentrations increased by approximately 4% under AWD treatment (Wang et al., 2014) . However, 609 AWD does decrease grain iron concentration in this study. On a small number of sampling points the 610 soil solution concentration of iron was greater in the CF plots than in the AWD plots, and the 611 concentration of iron in the shoots was greater in the CF-grown plants as was the grain 612 concentration of iron. This is explained by the impact that altering the water conditions has on soil 613 iron availability. This study confirms previous findings that AWD water management can increase grain production 621 when compared to CF. We present evidence that AWD has quite subtle effects on plant physiology, 622 specifically leaf elongation, the concentration of ABA and two cytokinins, and increases the number 623 of productive tillers. The combination of all these subtle effects could be the reason that there are 624 detectable differences in grain production between plants grown in AWD and CF. Impacts of AWD 625 on many elements in the grain were detected: crucially, arsenic decreased in AWD-grown grain, 626 which is positive for human health, but cadmium increased and iron decreased, which are not 627 desired outcomes. These impacts on grain quality needs to be carefully considered when AWD is 628 Table 2 .
